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Abstract

The ZnO nanoparticles were synthesized by the one-step electromagnetic levitational gas condensation method with a relatively high
production rate. In this method, the vapors ascending from a high temperature levitated Zn droplet were condensed and oxidized by He—0.2Ar and
0O, gas mixtures, respectively, under both atmospheric and reduced pressures. Effects of carrier gas type and temperature, oxygen content, and
reactor pressure on the size, size distribution and morphology of the particles were investigated. The particles were characterized by X-ray
diffraction, scanning electron microscopy and transmission electron microscopy methods. The production rate of the crystalline ZnO nanoparticles
was estimated as high as 300 g h™". The results showed that decreasing the gas temperature and reactor pressure resulted in a smaller particle size

and a higher fraction of rod-like nanoparticles.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is a well-known n-type semiconductor
with a wide band gap and high excitation binding energy. ZnO
has been used in many diverse applications such as antibacterial
[1], nanoprism probe for nanooptical applications [2], MEMs
[3], solar cells [4], ultraviolet light emitting diodes [5], thin-film
transistors [6], pizoelectric transducers [7], varistors [8], and
gas sensors [9,10]. Recently, a great attention has been paid
upon the properties of ZnO to adopt it for different applications.
The optical and electronic properties of semiconductors can be
further tuned by varying the size of the particles in the
nanometric range.

Nanoparticles of ZnO attract an increasing interest due to their
possible use in a range of new nanodevices. ZnO nanoparticles
have more than fourteen different morphologies, among which
considerable attention has been focused on tetrapod-like and rod-
like ones because of their promising applications in optics [11].
For example, it is shown that despite the good intrinsic electronic
properties of ZnO, simple nanocrystalline ZnO electrodes were
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found to have very poor photovoltaic properties with solar energy
conversion efficiency of lower than 1% [12]. Recently reported
nanostructured ZnO electrode showed slightly improved values
of 1.5-3.9%. Such low photovoltaic properties of ZnO are mainly
related with the unstable surface chemistry of ZnO to acidic dye
molecule. In this regard, it is shown that the rod-like array ZnO
electrode showed stable photovoltaic properties compared with
nano-particulate electrode despite the small adsorption of dye
molecules [12]. The well-crystallized surface of the nanorods
should reduce significantly the formation of Zn**—dye aggre-
gates. The rod-like array electrode is also favorable for electrolyte
diffusion since the diffusion channel is highly spacious and hardly
blocked by Zn**—dye aggregates within the electrode, while the
complicated nano-pore channels in nano-particulate electrode
can be easily blocked. In addition, ZnO whiskers were presented
as a useful reinforcement material due to its high-temperature
strength and excellent chemical stability [13].

ZnO nanoparticles have been so far synthesized with
different methods like pulsed laser ablation [11], magnetron RF
Plasma [14], thermal evaporation [15], spray pyrolysis [16],
diffusion flame [17], sol-gel [18], hydrothermal [19],
sonochemical [20], microemulsions [21] and many combined,
assisted and novel routes. Critical issues in the fabrication of
compound nanoparticles mainly include their purity, size and
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size distribution, and production rate. In the present work, ZnO
nanoparticles have been synthesized with a novel approach
named as electromagnetic levitational gas condensation
(ELGC) method. This method is capable of direct synthesis
of pure and crystalline nanoparticles with a relatively high
production rate. In this method, the sample is levitated in the
magnetic field of a special design of the induction coil carrying
an alternative current. The specimen is then heated, melted and
finally evaporated. The metal vapors are then condensed by the
cold inert gas stream flowing upward in the reactor and the
particles are collected in a filtering system. Bigot and
Champion [22,23] reported the first attempts on using the
electromagnetic levitation melting for synthesis of metal
nanoparticles. They used liquid nitrogen/argon for condensing
the metal vapors. Rhee et al. [24] have synthesized
nanoparticles of some metals and oxides using the ELGC
method. Recently, Kermanpur et al. have synthesized nano-
particles of Fe [25], Al [26] and Zn [27] with this method. Due
to the difficulties in the levitation melting of alloys, no
extensive works have been reported so far on the use of this
technology for the synthesis of different nanomaterials. In the
present work, pure ZnO nanoparticles were directly synthesized
with the ELGC method using different gas carriers of Ar and
He—-0.2Ar with O, as the oxidizing gas under atmospheric and
reduced pressures. Effects of process parameters on the size and
size distribution of ZnO nanoparticles were discussed. The
formation mechanism of the nanorods is discussed based on the
physical models elsewhere [28].

2. Materials and methods

The schematics of the ELGC experimental set-up are shown
in Fig. 1. The system is equipped with a high frequency
induction power supply with working power and frequency of
45 kW and 450 kHz, respectively. Bulk Zn sample with the
purity of 99.91% was levitated in the magnetic field of a
suitable induction coil. This induction coil is usually consisted
of two parts; the lower part is the main windings which
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produces a levitation force (lifting part) and the upper part is the
controlling turns which are necessary to insure levitation stability
(stabilizing part). The latter part is connected in series with the
former, but their winding directions are just opposite to each
other (as shown in Fig. 1). The electromagnetic potential well
(null point) is located at the gap between these two parts of a
complete coil. Once the current is introduced to the coil, eddy
currents are induced in the body. Interaction of the eddy currents
with the imposed magnetic field gives rise to a Lorentz force that
can support the conducting sample against gravity. In addition,
the eddy currents can heat, melt and finally vaporize the body.
Besides supporting the sample, the Lorentz force causes a flow in
the molten droplet. In the present work, design of the suitable coil
was determined by finite element simulation of electromagnetic
forces exerted to the levitated specimen [29]. The sample was
melted and started evaporation rapidly. The Zn vapors were then
condensed by an inert carrier gas (Ar or He—0.2 Ar with the purity
of 99.999%) and the condensed particles were eventually
collected in a bubble filter. In order to synthesize ZnO
nanoparticles, Zn vapors were oxidized by introducing pure
0, (99.999%) gas into the reactor at the onset of Zn evaporation.
Effects of O, content in the gas stream on crystallinity and
morphology of the nanoparticles were investigated.
Morphology, size and crystallinity of ZnO particles were
characterized by transmission electron microscopy (TEM
Philips CM120), scanning electron microscopy (SEM Philips
XL30), X-ray diffraction (XRD Philips X’Pert with Cu-Ka
anode) and the image analysis software of Image Tools.

3. Results and discussion

3.1. Effect of oxygen content and carrier gas type on
particle size

Two types of carrier gas (Ar and He—0.2Ar) were used to
condense the particles. Fig. 2 shows XRD patterns of particles
synthesized at different gas molar ratios of O,/Ar under
atmospheric pressure. Fig. 2a corresponds to XRD pattern of

1: RF generator

2: Induction coil

3: Quartz tube reactor
4: Gas cylinders

S: Filter

6: Collection bubblers
7: Vacuum pump

8: Gas reducer

9: Rotameter

10: Pressure gauge
11: Control valves

12: Lifting mechanism
13: Crucible

14: Levitated sample

et

@S

Fig. 1. Schematics of the electromagnetic levitational gas condensation system. As shown, the sample (14) is levitated inside the induction coil (2). At the same time,
the metal vapors ascending from the levitated sample are condensed by the He/Ar cooling gas flowing upward inside the tube reactor (3). The synthesized particles are
moved up (as shown by an arrow in the reactor) and eventually collected in a filter (5) or collection bubbles (6).
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Fig. 2. XRD patterns of the particles synthesized under atmospheric pressure at different O,/Ar gas molar ratios of: (a) 0, (b) 0.06, (c) 0.10 and (d) 0.12. Ar is the
carrier and cooling gas, while O, is the oxidizing agent. It can be seen that introducing O, gas into the reactor resulted in a decrease in the intensity of Zn peaks and an
increase in the intensity of ZnO peaks. The molar ratio of O,/Ar = 0.12 resulted in a fully ZnO particles.

the particles synthesized using oxygen-free Ar, in which only
peaks corresponding to pure crystalline Zn can be seen in
agreement with the data from JCPDS card No. 04-0831. The
XRD patterns of the particles with introducing O, gas into the
reactor show that a decrease in the intensity of Zn peaks and an
increase in the intensity of ZnO peaks is occurred by increasing
the molar ratio of O,/Ar (Fig. 2b—d). The XRD pattern of the
particles synthesized with the molar ratio of O,/Ar=0.12
shows that all Zn characteristic peaks were vanished (see
Fig. 2d). This pattern is in agreement with the JCPDS card No.
36-1451 which corresponds to the hexagonal wurtzite structure
of ZnO. The sample temperature and molar production rate
under this condition were estimated 1400 °C and
0.04 mol min ", respectively. Fig. 3 shows SEM micrographs
of ZnO particles synthesized under atmospheric pressure with
the O,/Ar molar ratio of 0.12. As it can be seen, the particles are
mostly in the form of rods and a smaller amount of tetrapods.
The mean length and the mean width of ZnO particles were
measured as 290.6 and 132.4 nm, respectively. It should be
noted that due to the instability in the droplet levitation, it was
not possible to increase the molar ratio of O,/Ar more than
about 0.12. This may be due to the formation of a thick oxide
layer over the droplet and hence becoming nonconductor.
Fig. 4 shows XRD patterns of particles synthesized at
different gas molar ratios of O,/He—0.2Ar under atmospheric
pressure. The XRD patterns of the particles with introducing O,
gas into the reactor show that increasing the molar ratio of O,/
He—0.2Ar resulted in a decrease in the intensity of Zn peaks and
an increase in the intensity of ZnO peaks (Fig. 4b—d). The XRD
pattern of the particles synthesized with the molar ratio of O,/
He—0.2Ar = 0.18 shows that all Zn characteristic peaks were
vanished (see Fig. 4d). The sample temperature and molar
production rate under this condition were estimated 1235 °C
and 0.028 mol min~', respectively. Fig. 5a and b shows TEM
micrographs of ZnO particles synthesized under atmospheric
pressure with the O,/He—0.2 Ar molar ratio of 0.18. As it can be
seen, the particles are mostly in the form of rods and a smaller
amount of tetrapods. The mean length and the mean width of
ZnO particles were measured as 94.7 and 54.7 nm, respectively.

It is seen that the particle size is decreased by using the carrier
gas of He—0.2Ar compared to that of Ar. The reason for the
difference in particle size is due to the lower atomic weight of
He atoms compared to that of Ar atoms (4.0 gmol ™' vs.
40.0 g mol ™', respectively). As nucleation and subsequently
condensation of the particles in the ELGC method is performed
by collision of the metal vapors with inert gas atoms, the hot
metal vapors can gain more energy from the heavier inert gas
atoms by collision and consequently results in a higher
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Fig. 3. SEM micrographs of ZnO particles synthesized under atmospheric
pressure at O,/Ar = 0.12 in two magnifications. It can be seen that the particles
are mostly in the form of rods and tetrapods. The mean length and the mean
width of ZnO particles were measured as 290.6 and 132.4 nm, respectively.
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Fig. 4. XRD patterns of the particles synthesized under atmospheric pressure at different O,/He—0.2Ar gas molar ratios of: (a) 0, (b) 0.13, (c) 0.15 and (d) 0.18. He—
0.2Ar is the carrier and cooling gas, while O, is the oxidizing agent. It can be seen that introducing O, gas into the reactor resulted in a decrease in the intensity of Zn
peaks and an increase in the intensity of ZnO peaks. The molar ratio of O,/He—0.2Ar = 0.18 resulted in fully ZnO particles.
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Fig. 5. TEM micrographs of ZnO particles synthesized under atmospheric pressure at O,/He—0.2Ar = 0.18 in two magnifications. It can be seen that the particles are
mostly in the form of rods and tetrapods. The mean length and the mean width of ZnO particles were measured as 94.7 and 54.7 nm, respectively.

undercooling and growth rate for metal clusters. Moreover, the
lower thermal conductivity of the Ar (0.0177 Wm 'K
compared to that of He—-0.2Ar (0.1513 Wm™! Kil) makes the
entire gas mixture to cool slower. Therefore, the particles
condensed by the Ar atoms should have larger size compared to
those formed by the He—0.2Ar gas. This effect has already been
shown by Kermanpur et al. for the synthesis of Zn NPs [27].

3.2. Effect of carrier gas temperature on particle size

In order to investigate the effect of gas temperature on
size and morphology of the particles, O, and He—0.2Ar (with
the molar ratio of 0.18) were passed through a sufficient long
copper coil immersed in liquid N, before introducing to the
reactor. The decrease in gas temperature was measured to be

about 75 K. The sample temperature and molar production
rate under this condition were estimated 1200 °C and
0.025 mol min~', respectively. TEM micrographs of ZnO
particles synthesized under atmospheric pressure with the
N,-cooled gas with the O,/He—0.2Ar molar ratio of 0.18 are
shown in Fig. 6. The particles are again in the form of
rods and tetrapods, but their mean length and mean width
of ZnO particles are reduced to 79.7 and 35.4nm,
respectively. It is seen that decreasing temperature resulted
in a smaller particle size due to making restriction in particle
growth. Fig. 6c shows XRD pattern of the particles
synthesized using the cooled gas mixture (with the O, to
He—0.2Ar molar ratio of 0.18). This pattern is in agreement
with characteristics peaks of the hexagonal wurtzite structure
of ZnO.
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Fig. 6. (aand b) TEM micrographs and (c) XRD pattern of ZnO particles synthesized under atmospheric pressure at O,/He—0.2Ar = 0.18 using a cooled carrier gas. It
can be seen that the particles are mostly in the form of rods and tetrapods. Due to the use of cooled carrier gas, the mean length and the mean width of ZnO particles are

reduced to 79.7 and 35.4 nm, respectively.

3.3. Effect of reactor pressure on particle size

The reactor pressure is another important process parameter
in the ELGC method. The molar production rate at 330 mmHg
was higher than the atmospheric condition (0.048 mol min~'
vs. 0.028 mol min~', respectively). TEM micrographs of ZnO
particles synthesized under the reduced pressure of 330 mmHg,
shown in Fig. 7, reveal again particles with the rods and
tetrapods morphologies. The mean length and width of ZnO
particles under the reduced pressure were 83.3 and 26.6 nm,
respectively. Fig. 7c shows XRD patterns of the particles
synthesized at different gas molar ratios of O,/He—0.2Ar under
the pressure of 330 mmHg. A similar trend can be seen. The
XRD pattern of the particles synthesized with the molar ratio of

0,/He—-0.2Ar = 0.21 shows that all Zn characteristic peaks were
vanished and the product is pure ZnO.

The present results showed that decreasing the reactor
pressure led to a smaller particle size. This can be explained in
terms of the molecular mean free path. In kinetic theory, the
mean free path of a particle, such as a molecule, is the average
distance the particle travels between collisions with other
moving particles. If the velocities of the identical particles have
a Maxwell distribution, the following relationship applies for
determining the mean free path, A [30]:

RT

N — 1
V27d*N AP )
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Fig. 7. XRD patterns of ZnO particles synthesized at the pressure of 330 mm Hg with different O,/He—0.2Ar gas molar ratios of: (a) 0, (b) 0.13 and (c) 0.21. (d—e)
TEM micrographs of ZnO particles synthesized at O,/He—0.2Ar = 0.21 under the pressure of 330 mm Hg. It is revealed that the particles have mostly rod and tetrapod
morphologies. Due to the synthesis of particles under the reduced pressure of 330 mm Hg, the mean length and width of ZnO particles are reduced to 83.3 and

26.6 nm, respectively.

where T is temperature, P is pressure, d is the diameter of the
gas particles, R is the gas constant and N4 is the Avogadro
constant. Assuming the gas temperature to be constant, it is
clearly seen that by decreasing gas pressure in the system, the
mean free path is increased. As a higher mean free path of the
atoms causes a lower contingency of particle collision during
synthesis, a smaller particle size is achieved under reduced
pressure. It should be pointed out that as temperature of the
levitated droplet, and hence gas temperature, in the ELGC
process is mainly related to the coil design, the affecting
parameter here is the reactor pressure.

3.4. Effect of process parameters on morphology of
particles

According to the specific morphology of the particles, the
concept of aspect ratio (i.e. length/width) was used to compare
size distribution of the particles synthesized under different
conditions. These distributions are illustrated in Fig. 8. It is
clearly noticeable that there is a higher percentage of particles
with length/width = 1 under atmospheric condition. However,
the results show that decreasing the gas temperature and/or
reactor pressure, resulted in a more volume fraction of the
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Fig. 8. Size distribution of ZnO particles in different sets of aspect ratios under:
(a) atmospheric pressure of Ar, (b) atmospheric pressure of He—0.2Ar, (c)
atmospheric pressure of cooled He-0.2Ar and (d) reduced pressure
(330 mm Hg) of He—0.2Ar. A higher percentage of particles have the aspect
ratio of length/width = 1 under atmospheric condition. The percentage of this
aspect ratio is decreased with decreasing of pressure and temperature.

nanorods with the higher length/width ratios. Therefore, it is
possible to change the particle morphology through process
parameters.

3.5. The production rate of the ELGC method

Scale-up production is of great interest for nanoparticle
synthesis. High energy ball milling, already a commercial high
volume process, has been instrumental in generating nano-
particles for the preparation of magnetic, structural, and
catalytic materials [31]. However, the process produces poly-
dispersed amorphous powder, which requires subsequent
partial recrystallization before the powder is consolidated into
nanostructured materials. For sol-gel processing, the develop-
ment of continuous processing techniques based on present

knowledge of batch processing has yet to be addressed for
economical scale-up production of nanoparticles. Other related
sol—gel issues concern the cost of precursors and the recycling
of solvent [31]. The gas phase methods of nanoparticles
synthesis have low production rates. In research laboratories,
this rate is typically in the 100 mgh™' range. A number of
different aerosol methods have been developed for increasing
the production rate of nanoparticles, but each of them has its
merits and drawbacks [31]. In the present work, the production
rate for the synthesis of ZnO nanoparticles by the ELGC
method was estimated about 300 gh~'. This rate is much
higher than that of most of the gas phase methods. The results
presented above clearly show that the ELGC method can be
used as a bulk process for the formation of ZnO nanoparticles in
the commercial scale. The particle morphology can be
controlled via process parameters.

4. Conclusions

In the present study, the feasibility of direct synthesis of ZnO
nanorods with the production rate of about 300 gh™' was
illustrated by the electromagnetic levitational gas condensation
method. The results showed that reducing gas temperature and
reactor pressure both led to the formation of smaller ZnO
nanoparticles and a higher fraction of nanorods. The optimum
0,/He-0.2Ar molar gas ratio to synthesize fully oxidized
particles was found as 0.18 and 0.21 for both atmospheric and
reduced pressures with the mean length/width of about 80/35
and 83/27 nm, respectively.
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